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ABSTRACT

We present new spectra obtained using Keck/KCWTI and perform kinematics and stellar population analyses of the shell galaxy
NGC 474, from both the galaxy centre and a region from the outer shell. We show that both regions have similarly extended
star formation histories although with different stellar population properties. The central region of NGC 474 is dominated
by intermediate-aged stars (8.3 £ 0.3 Gyr) with subsolar metallicity ([Z/H] = —0.24 + 0.07 dex) while the observed shell
region, which hosts a substantial population of younger stars, has a mean luminosity-weighted age of 4.0 & 0.5 Gyr with solar
metallicities ([Z/H] = —0.03 & 0.09 dex). Our results are consistent with a scenario in which NGC 474 experienced a major to
intermediate merger with a log(M, /Mg) ~ 10 mass satellite galaxy at least ~2 Gyr ago which produced its shell system. This
work shows that the direct spectroscopic study of low-surface brightness stellar features, such as shells, is now feasible and

opens up a new window to understanding galaxy formation and evolution.

Key words: galaxy: evolution —galaxy: formation — galaxies: individual (NGC 474).

1 INTRODUCTION

NGC 474 is perhaps best known for its spectacular system of stellar
shells (Malin & Carter 1983; Forbes 1999; Turnbull, Bridges &
Carter 1999; Duc et al. 2015). Shells, alongside similar faint stellar
tidal features, e.g. streams, loops, plumes, rings, etc. are telltale
signatures of the hierarchical assembly of present-day galaxies and
are believed to have formed during galaxy mergers or close galaxy
interactions (Schweizer 1980; Quinn 1984; Dupraz & Combes 1986;
Hernquist & Quinn 1988; Thomson & Wright 1990; Thomson 1991;
Gonzélez-Garcia & Balcells 2005; Kado-Fong et al. 2018; Pop et al.
2018; Karademir et al. 2019).

NGC 474, classified as a type II shell system (Prieur 1988), is the
dominant SO galaxy (Pierfederici & Rampazzo 2004) in the Arp 227
group. It has a projected spatial separation of 5.4 arcmin (~47 kpc)
from its nearest neighbour (the spiral galaxy NGC 470), with both
galaxies having identical systemic velocities. While it is clear that
the gas-poor NGC 474 is interacting with its gas-rich neighbour
(Schiminovich et al. 1997; Cullen, Alexander & Clemens 2006;
Rampazzo et al. 2006; Mancillas, Combes & Duc 2019a), the debate
about the origin of the observed shell system and its evolutionary
link with the ongoing interaction is still open (Schombert & Wallin
1987; Forbes 1999). Furthermore, assuming the observed shells have
a merger origin, then the nature of the merger event (major/minor)
as well as the nature of the disrupted satellite(s) are both unclear.

The central region of NGC 474 has been well studied spec-
troscopically: with long-slit spectroscopy (e.g. Hau, Balcells &
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Carter 1996; Caldwell, Rose & Concannon 2003; Denicolé et al.
2005) and with IFU (integral field unit) spectroscopy as part
of the SAURON project (Bacon et al. 2001) and the ATLAS?®
survey (Cappellari et al. 2011). These IFU studies reported an
average luminosity-weighted age and metallicity of 7.4 Gyr and
—0.1dex within 1 effective radius (R.), respectively, and an -
element enhancement, [a/Fe], of 0.17 dex in Kuntschner et al. (2010)
and McDermid et al. (2015). NGC 474 is one of the very few
fast-rotating galaxies from the ATLAS? survey with significant
misalignment between its photometric and kinematic axis (Emsellem
et al. 2007; Krajnovi¢ et al. 2011). A similar result was presented
earlier from the long-slit spectroscopic study of Hau et al. (1996).
More generally, spectroscopic studies dedicated to shell galaxies
have hitherto focused exclusively on the central galaxy regions (e.g.
Longhetti et al. 1998; Hau, Carter & Balcells 1999; Carlsten, Hau
& Zenteno 2017), while the stellar shells (usually located in the
galaxy outskirts) have not been probed due to their low surface
brightness.

In this paper, we show that direct starlight spectroscopy of stellar
shells and streams is now feasible with more sensitive integral field
spectrographs such as the new Keck Cosmic Web Imager (KCWI;
Morrissey et al. 2018) at Keck. We extend the exploration of the
central regions in shell galaxies and build on previous work where
discrete tracers such as globular clusters were used to probe shells
and streams (Romanowsky et al. 2012; Foster et al. 2014; Lim et al.
2017; Alabi et al. 2020). We present results from our KCWI IFU
spectroscopic observation of NGC 474, covering both the galaxy
centre and a region of the outer shell with mean V-band surface
brightness 22.0 and 25.4 mag arcsec ™2, respectively. Throughout this
work, we adopt a distance of 29.5 Mpc to NGC 474 (Tully etal. 2013),
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Figure 1. Combined image of NGC 474 from archival CFHT/MegaCam g, r, and i images. The image shows the spectacular system of stellar shells and plumes
in NGC 474 and covers 11 arcmin x 5.5 arcmin which corresponds to 94 x 47 kpc at the distance of NGC 474. The spiral galaxy NGC 470 is at a projected
distance of ~47 kpc away from NGC 474. The orange and green rectangles, each equivalent to 2.4 x 2.9kpc, show the central and shell regions we have
observed with Keck/KCWI, respectively. For reference, the black circle is the 1 effective radius isophote and the white horizontal line has a length of 5 kpc. The
observed shell region is at a physical distance of ~30kpc away from the centre of the galaxy.

R. =33 arcsec or 4.7 kpc (Cappellari et al. 2011), and a logarithmic
stellar mass of log(M,/Mg) ~ 10.6 from 3.6 um Spitzer imaging
(Sheth et al. 2010).

2 OBSERVATIONS AND DATA

We obtained spectroscopic data from the central and shell regions
of NGC 474 with the KCWI during the nights of 2017 September
19 and October 18. We used the BM grating centred at A = 4800 A
and the medium image slicer to obtain spectral data with nominal
resolution R ~ 4000. This configuration spans the spectral region
4360-5230 A and has a 16.5 arcsec x 20.4 arcsec field-of-view. We
therefore obtained data with spectral resolution FWHM = 1.2 A or
Oinsr ~ 32kms~! at A.. We observed the galaxy centre for 600 s and
a region of the prominent eastern shell for a total of 4800s, with
both regions shown in Fig. 1. Our observed shell region was chosen
to have maximum brightness along the shell but free of compact,
point sources such as globular clusters or foreground stars. We also
observed a dedicated blank field for accurate sky subtraction.
Standard data reduction was performed with the publicly available
KCWI pipeline — KDERP! — although we used a custom-made PCA
code to perform sky subtraction (see Gannon et al. 2020 for details).
This is because extra attention has to be paid to sky subtraction
especially in the case of spectral data from low surface brightness
features such as the stellar shells which are typically >100 x fainter
than the night sky. We collapsed by median-stacking all the useable
spaxels within the combined, sky-subtracted fields into single 1D
spectra, and obtained final galaxy centre and shell spectra with signal-

Thttps://github.com/Keck-DataReductionPipelines/KcwiDRP

to-noise (S/N) ratios of ~43 and ~15 per A, respectively. We show
these spectra in Fig. 2.

3 CENTRAL AND SHELL STELLAR
KINEMATICS

We measured the line-of-sight velocities and stellar velocity dis-
persions at the galaxy centre and from the outer shell region with
the upgraded version of the pPXF (Cappellari & Emsellem 2004;
Cappellari 2017) code. For our kinematics analysis, we employed the
empirical ELODIE stellar library (Prugniel & Soubiran 2001) which
has a spectral resolution FWHM = 0.51 A (or o ~ 13kms™') at A.
This allowed us to probe down to (and possibly below) intrinsic
velocity dispersions comparable to the instrumental resolution,
which may well be the case in the outer shell regions. We obtained
a radial velocity of 2324 4+ 6kms~' and a velocity dispersion of
134 £+ 6kms~! for the central pointing, consistent with measure-
ments in the literature. Note that this velocity dispersion, measured
within an R./3 effective aperture, is aperture corrected following the
prescription of Jorgensen, Franx & Kjaergaard (1995). For the outer
shell region, we measured a radial velocity of 2325 & 8 kms~' and
a velocity dispersion of 18 &= 9kms~!.

4 STELLAR AGE, METALLICITY, AND STAR
FORMATION HISTORY OF NGC 474

As shown in Fig. 2, the spectra from both the galaxy central and shell
regions include age- and metallicity-sensitive absorption features
such as HB, Fe5015, and Mgb (although the latter is on the edge of
the spectra). The difference between the outer shell and the central
part of the galaxy is already noticeable from their spectra. The outer

MNRAS 497, 626-631 (2020)
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Figure 2. Left-hand panel: Sky subtracted, median normalized Keck/KCWI spectra from the galaxy central region (upper panel) and the outer shell region
(lower panel) of NGC 474, with best-fitting STECKMAP models shown as black spectra in both panels. Residuals from the best-fit are shown in the lower part of
each panel (shifted by —0.3 in the lower panel for display purpose only), and the prominent absorption features within the rest-frame spectral range have been
identified and labelled. Note the relative strength of the H B feature in the lower panel compared to the upper panel, hinting at the presence of a substantial,
younger stellar population in the outer shell region. Right-hand panel: Age—metallicity relations from the galaxy centre and the outer shell region. The width of
each band corresponds to the stellar mass fractions at different ages. The bands highlight the different chemical evolutionary histories of the galaxy centre and

the outer shell region.

shell spectrum shows a factor of ~3 enhancement in the equivalent
width of the H g feature compared to the galaxy centre spectrum. As
H B is a strong age indicator, this already suggests the presence of a
substantial population of younger stars in the shell region.

We perform full spectral fitting with the non-parametric regu-
larized STECKMAP software (Ocvirk et al. 2006a,b) in order to
obtain the mean age and metallicity estimates and the star formation
histories from both regions. For this exercise, we use the medium
resolution (R = 10000) PEGASE-HR library of stellar population
spectra (Prugniel & Soubiran 2001; Le Borgne et al. 2004) computed
with a Salpeter initial mass function at scaled-solar abundances.
We model our spectra as a linear combination of these template
spectra with ages and metallicities spanning 0.1 to 14 Gyr and —2.0
to 0.2dex, respectively. The best-fitting models and residuals are
shown in Fig. 2. We adopt regularization parameters , = 100 and
1z = 10 to smooth the stellar age—metallicity relation shown in
Fig. 2, and note that the mean stellar population parameters are robust
against changes in these values. As suggested by several authors, (e.g.
Sanchez-Bldzquez etal. 2011; Ruiz-Laraet al. 2015), we fit the stellar
population properties separately from the stellar kinematics obtained
in the previous section due to possible degeneracies between stellar
velocity dispersion and metallicity. We summarize our results in
Table 1 and provide the mean mass- and luminosity-weighted stellar
ages and total metallicities ([Z/H]).

As suggested earlier from the strong H 8 feature, the luminosity-
weighted age of the outer shell region is 4.0 &= 0.5 Gyr —reflecting the
increased contribution from young stars to the outer shell spectrum —
while the galaxy centre has an older mean luminosity-weighted age
of 7.2 &£ 0.4 Gyr. In contrast, the mass-weighted stellar ages from
both galaxy regions are similar, differing by only ~1 Gyr. The mean
luminosity-weighted ages give a sense of when the last star formation
episode occurred whereas the mean mass-weighted age estimates are
directly linked to the epoch when the bulk of the stellar mass was
formed.

The galaxy centre has a mean mass-weighted [Z/H] value of
—0.24 £ 0.07 dex, while the shell region is slightly more metal-

MNRAS 497, 626631 (2020)

Table 1. Summary of results from kinematics and
stellar population analyses from both central and shell
regions. Parameters with mass and lum subscripts are
mass- and luminosity-weighted, respectively.

Parameter Centre Shell

Vies (kms™1) 2324 +£ 6 2325 + 8

o (kms™!) 134 £ 6 18+9
Age mass (Gyr) 83 £ 03 7.1 £ 0.5
[Z/H] mass (dex) —0.24 £ 0.07 —0.03 + 0.09
Age jum (Gyr) 72 +£ 04 4.0 £ 0.5
[Z/H] 1um (dex) —0.14 £ 0.08 —0.16 + 0.06

rich (by 0.21 + 0.11dex, almost at the 20 level) with a mean
mass-weighted [Z/H] value of —0.03 £ 0.09dex. This relatively
metal-rich nature of the outer shell region agrees with the metallicity
signatures reported in the shell galaxy sample from the Illustris
cosmological simulation (Pop et al. 2017). We note that the mean
luminosity-weighted [Z/H] from the shell region is similar to the
measurement from the galaxy centre. This is because luminosity-
weighted [Z/H] reflects the chemical composition of the under-
lying old stellar population (Serra & Trager 2007). The central
ages and metallicities compare well with previous results from
the literature (Kuntschner et al. 2010; McDermid et al. 2015)
and also agree with the [Z/H]-o scaling relation from Spolaor
et al. (2010).

Fig. 3 shows the star formation histories from the galaxy centre
and the outer shell region. As expected from fast-rotating, low-
mass galaxies in low-density environment (Kauftfmann et al. 2004;
McDermid et al. 2015; Bernardi et al. 2019), we obtain evidence of
extended star formation from both regions of NGC 474. The galaxy
centre formed half of its stellar mass within the first ~3 Gyr while it
took a more extended period of ~5 Gyr for the outer shell to build
up half its stellar mass. Although both regions have extended star
formation histories, Fig. 3 shows that the shell region experienced
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Figure 3. Star formation history from the galaxy centre (orange colour) and the outer shell region (green colour). Both regions of NGC 474 experienced
extended star formation but peak star formation at different epochs. The left-hand panel shows cumulative mass fraction as a function of lookback time. The
orange and green bands show the standard errors around the mean values obtained from Monte Carlo simulations. The horizontal line shows how long it takes to
build up 50 per cent of the total stellar mass. The right-hand panel shows the normalized star formation rate. The outer shell region experienced a more recent
peak of star formation rate (in the last ~2 Gyr) than the central region of the galaxy.

a more recent star formation peak within the last ~2 Gyr. Since our
stellar population modelling was done assuming solar abundances,
and the lack of a red continuum around the Mgb feature makes a
direct line-index evaluation of [«/Fe] impossible, we use equation
(3) from McDermid et al. (2015) and the time taken to build up half-
mass to estimate [a/Fe] of ~0.19 dex and ~0.15 dex in the galaxy
centre and shell region, respectively. This [«/Fe] estimate for the
galaxy centre is consistent with the results from Kuntschner et al.
(2010) and McDermid et al. (2015).

5 DISCUSSION

Our kinematics analysis shows that the radial velocity from the shell
region is identical to that of the galaxy centre. Analytical models
have shown that the sharp stellar density maxima which define shells
are only seen at the apocentres along the orbital path of the infalling
galaxies, where the mean shell velocity should be comparable to
that of the host galaxy (Merrifield & Kuijken 1998; Sanderson &
Helmi 2013). Our result confirms this observationally and can be
used in the future to discriminate bona fide shells from other tidal
stellar features when spatially resolved 2D velocity maps become
available. From these models, it is not obvious what the velocity
dispersion in the shell regions should be relative to the galaxy
centre. However, one expects stellar shells to be dynamically cold
substructures with low velocity dispersions (Sanderson, Mohayaee
& Silk 2012). The velocity dispersion we have measured in the
outer shell region is lower (at the ~20 level) compared to what is
measured in log(M,/Mg) ~ 10.6 galaxies at similar projected radii
(Napolitano et al. 2009; Foster et al. 2016).

Our stellar population analysis shows that NGC 474 has an ex-
tended star formation history. This is consistent with expectations for
intermediate mass galaxies in low-density environments (Kauffmann
et al. 2004). The galaxy centre is dominated (in luminosity and
mass) by subsolar metallicity ([Z/H] = —0.24 £ 0.07dex and
—0.14 £ 0.08 dex, respectively) intermediate-age stars (7-8 Gyr).
On the other hand, the stellar population properties of the outer
shell region are more complicated. Its age (mass-weighted) and
metallicity (luminosity-weighted) are similar to the galaxy centre,
but it also hosts a substantial population of younger stars (mean
luminosity-weighted age of 4.0 &= 0.5 Gyr) with solar metallicities
(mean mass-weighted [Z/H] = —0.03 £ 0.09 dex). The outer shell
region is slightly more metal-rich compared to the galaxy centre by

0.21 £ 0.11 dex, significant almost at the 20 level. These differences
are also captured in the stellar age—metallicity relation of each galaxy
region (right-hand panel in Fig. 2). The stellar population properties
of the stars in the outer shell region therefore suggest an ex-situ origin
and an evolutionary path different from the galaxy centre. This also
agrees with the conclusions from cosmological simulations (Pop
et al. 2018; Karademir et al. 2019; Mancillas et al. 2019a). However,
this does not completely resolve the issue of the origin of the shells
— are the shells made from stellar materials accreted from the nearby
NGC 470 or are they relics of a disrupted satellite galaxy?

NGC 470 is known to be undergoing an intense nuclear starburst
(Friedli et al. 1996) and in a study of the Arp 227 group, Rampazzo
et al. (2006) found H1 tidal tails extending from NGC 470 towards
the east of NGC 474, in the direction of our shell region (see their
fig. 4). Based on the H 1 flux in the tidal tails they argued that the gas
accretion is in its early stages. Using the maximum rotation velocity
of the H1 gas in NGC 470 (240km s™!), we estimate a time-scale of
~0.3 Gyr for accreted materials to be deposited in the shell region (at
a projected distance of 77 kpc). This time-scale is inconsistent with
the mean luminosity-weighted age we have measured for the stars
in the outer shell, and thus rules out the ongoing interaction with
NGC 470 as the sole origin of the observed shell system. Therefore,
a disrupted satellite seems to be the more plausible scenario for the
formation of the shell system in NGC 474. While we have assumed
the simplest merger scenario that involves a single disrupted galaxy,
we note that there is observational evidence from the different colours
of the various shells in NGC 474 that suggests a multiple merger
origin, with further support from cosmological simulations (Pop et al.
2018). Addressing the question of the multiple merger origin of the
stellar shells in NGC 474 is however outside the scope of this study.

The stellar population properties of the stellar shell can shed
more light on the origin and nature of the disrupted galaxy. Our
analysis above shows that the outer stellar shell is young and
metal-rich. Using the galaxy mass—metallicity relation from Gallazzi
et al. (2005), the outer shell’s mass-weighted metallicity of [Z/H] =
—0.03 dex suggests that the disrupted galaxy had a stellar mass of
log(M,./Mg) > 9.6. This estimate agrees well with the conclusion
made by Lim et al. (2017) that the disrupted galaxy is overmassive
for a dwarf galaxy but still sub-L*. Kim et al. (2012), using
Spitzer imaging, already reported that the shells in NGC 474 are
~6—10 percent as luminous as the underlying galaxy light (see
their table 4). If we assume that a single merger event produced the

MNRAS 497, 626-631 (2020)
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observed shell system and use the finding from the N-body simulation
of Hernquist & Spergel (1992) that shells typically contain ~25 per
cent of the total stars in the disrupted galaxy, then the disrupted
galaxy most likely had a stellar mass of log(M./Mg) ~ 10. These
results show that the shells of NGC 474 most likely originated from
an intermediate to major merger event with mass ratioof 1: 9to 1: 3.
Bearing in mind that shells are usually visibile for 3—4 Gyr after they
first appear (Thomson 1991; Pop et al. 2018; Mancillas et al. 2019b)
and that mergers are likely to induce star formation (e.g. Barnes
2004), it is possible that the enhancement in the star formation rate
from the outer shell region at ~2 Gyr is directly connected to the
merger event that produced it.

6 CONCLUSION

We have obtained the kinematics and stellar population properties
from the galaxy centre and an outer shell region of NGC 474 using
new spectral data obtained from Keck with KCWI. We argue that the
spectacular stellar shells seen around NGC 474 have an ex-situ origin
in agreement with expectations from cosmological simulations and
were most likely formed in a major or intermediate (mass ratios 1:3
—1:9) merger event with a metal-rich progenitor ~2 Gyr ago. Since
then, NGC 474 has been accreting cold gas from the outskirts of
its gas-rich, spiral galaxy neighbour (NGC 470), which is currently
undergoing a starburst. This first, direct spectroscopic observation
of the low surface brightness, outer shell region of NGC 474 with
Keck/KCWI shows that invaluable insights about the nature of nearby
stellar shells in nearby galaxies can now be efficiently obtained on
10 m telescopes with deep spectroscopy.
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